Purpose: Given the unique physical activity (PA) patterns of preschoolers, wearable electronic devices for quantitative assessment of physical activity require validation in this population. Study objective was to validate uniaxial and triaxial accelerometers in preschoolers. Methods: Room calorimetry was performed over 3 hours in 64 preschoolers, wearing Actical, Actiheart, and RT3 accelerometers during play, slow, moderate, and fast translocation. Based on activity energy expenditure (AEE) and accelerometer counts, optimal thresholds for PA levels were determined by piecewise linear regression and discrimination boundary analysis. Results: Established HR cutoffs in preschoolers for sedentary/light, light/moderate and moderate/vigorous levels were used to define AEE (0.015, 0.054, 0.076 kcal·kg -1 ·min -1 ) and PA ratio (PAR; 1.6, 2.9, 3.6) thresholds, and accelerometer thresholds. True positive predictive rates were 77%, 75%, and 76% for sedentary; 63%, 61%, and 65% for light; 34%, 52%, and 49% for moderate; 46%, 46%, and 49% for vigorous levels. Due to low positive predictive rates, we combined moderate and vigorous PA. Classification accuracy was improved overall and for the combined moderate-to-vigorous PA level (69%, 82%, 79%) for Actical, Actiheart, and RT3, respectively. Conclusion: Uniaxial and triaxial accelerometers are acceptable devices with similar classification accuracy for sedentary, light, and moderate-to-vigorous levels of PA in preschoolers.
Regular participation in physical activity (PA) is integral to the health and well-being of children. Increased PA in preschoolers may be associated with growth and development, improved bone health and gross motor skill development, and reduced risk of being overweight or obese. 1 Higher levels of inactivity may be associated with increased obesity risk. Because of the lack of validated, quantitative PA methods in preschoolers, there is limited data regarding normal developmental patterns of PA, determinants of PA, stability of PA levels over time, and consequences of variation in PA on health outcomes. 2, 3 Robust, objective methods for quantitative assessment of PA in preschool children are needed to address these issues.
Movement of preschoolers is characterized by short, intermittent bouts of PA. 4 Depending on the developmental stage of preschool children, types and patterns of PA vary considerably. 2 Preschoolers lack the attention span, and physical and motor development for continuous bouts of high intensity PA. 2, 3 Given the unique PA patterns among preschoolers, measures should capture varying activity intensities in short time frames and over multiple planes. Wearable electronic devices such as accelerometers have the potential to measure the intensity (light, moderate, or vigorous), duration (length of time), and frequency (number of times participating) of movement.
Because the relationship between accelerometer counts and activity energy expenditure (AEE) at different workloads is likely to differ in preschoolers compared with older children, these devices require validation in this age group. In adults, the ratio of work metabolic rate to resting metabolic rate (RMR) or metabolic equivalents is commonly used to describe light, moderate, and vigorous levels of PA. Conceptually, these definitions are applicable to young children, but technically require modification to address preschoolers' higher RMRs, metabolic equivalency for preschoolers' limited range of energy expenditure (EE), and types of physical activities in which they typically engage. 5, 6 Direct observations are essential for identifying the types of activities, however, quantification of the intensity of PA and thus the level of energy expenditure are imprecise by this approach. Accelerometers are preferably calibrated using measured EE across the full range of lifestyle activities that are intermittent rather than steady state. 7, 8 The short, intermittent bouts of PA of the preschooler may be captured better with a triaxial than a uniaxial accelerometer.
Research is needed to calibrate and validate commercially available accelerometers in preschoolers. A few studies using direct observation [9] [10] [11] [12] and respiration calorimetry 13, 14 as criterion methods have been used to validate accelerometers in preschool children. In these studies, accelerometer counts were positively correlated with Children's Activity Rating Scale (CARS) scores and oxygen consumption (VO 2 ), however, the strength of the association varied widely across studies (r = 0.37-0.89). Thresholds for PA levels were estimated for Actigraph based on direct observations, 11, 12 and for Actigraph and Actical based on VO 2 . 13, 14 The Actigraph (n = 30) and Actical (n = 18) were calibrated using linear regression in preschoolers while walking and jogging using 2-minute steady state values. 13, 14 Although linear regression approaches have been applied widely to predict EE from accelerometer counts, they tend to underestimate freeliving EE, 15 as found in one preschool study. 13, 14 There is increasing appreciation that nonlinear approaches may be more appropriate for developing EE prediction models. 16 The primary objective of this study was to calibrate and validate uniaxial (Actical and Actiheart) and triaxial (RT3) accelerometers using AEE measured by room respiration calorimetry as the criterion for the assessment of PA. The advantage of room respiration calorimetry for the calibration of accelerometers is the high density of continuous (not just steady state) EE data for several hours obtainable on children undergoing structured as well as unstructured activities, unencumbered by respiratory gas collection equipment. The study's specific aims were 1) to characterize physical activities in preschool children in terms of heart rate (HR), AEE, and PA ratio (PAR); 2) to determine the relationships between accelerometer counts and AEE; and 3) to determine thresholds for classifying accelerometer counts into sedentary, light, moderate, and vigorous levels of PA.
Methods

Subject Description
The characteristics of the 64 children who took part in the study are presented in Table 1 . Subjects were white, black, Hispanic, and Asian children with a mean age of 4.5 ± 0.8 y (range 3-5 y). Based on the Centers for Disease Control and Prevention (CDC) growth charts, 17 22% were classified as overweight or obese (≥85th BMI percentile). The inclusion criteria required the children to be 3-5 y of age, healthy, and free from any medical condition that would limit participation in PA. The Institutional Review Board for Human Subject Research for Baylor College of Medicine and Affiliated Hospitals approved the protocol. All parents gave written informed consent to participate in this study.
Anthropometry
Body weight to the nearest 0.1 kg was measured with a digital balance and height to the nearest 1 mm was measured with a stadiometer. BMI was calculated as weight/ height 2 (kg/m 2 ).
Accelerometers
Two uniaxial accelerometers (Actical, Actiheart) and one triaxial accelerometer (RT3) were calibrated and validated against simultaneous measurements of minuteby-minute AEE measured by room respiration calorimetry. Actical (MiniMitter, a Respironics Co., Bend, OR) uses an uniaxial accelerometer built from a cantilevered rectangular piezoelectric bimorph plate and seismic mass, which is sensitive to movement in all directions. Its dimensions are 10 mm thick, 39 mm diameter, and 17 g total weight. Actical is sensitive to movements in the 0.5-3 Hz range. Actical sums 32 values in a 1-second window, divides the sum by 4, then adds this result to the accumulated value for the epoch.
Actiheart (MiniMitter, a Respironics Co., Bend, OR) is a compact (7 mm thick, 33 mm diameter, 10 g total weight), ambulatory device equipped with an omnidirectional accelerometer and ECG signal processor. The piezoelectric element (frequency range 1-7 Hz) generates a transient charge when exposed to time-varying acceleration. The dynamic range of the accelerometer is ± 25 m/ s 2 (± 2.5 G). The activity counts output of the MiniMitter Actiheart and CamNtech Actiheart (CamNtech Ltd., Cambridge, UK) differ slightly. To use the thresholds in this paper, the activity counts from the CamNtech unit should be multiplied by five-sixths to achieve the same value as MiniMitter unit (per CamNtech Ltd). Triaxial Research Tracker 3 (RT3; Stayhealthy, Inc., Monrovia, CA) uses a triaxial accelerometer designed as a complete activity recording and measurement system. The unit is light (65 g) and compact (71 mm length, 56 mm width, 28 mm thickness). The frequency range of the piezoelectric element is ± 1 Hz. RT3 provides output for a synthesized vector magnitude and for x, y, and z axis.
The Actical and RT3 monitors were affixed side by side above the iliac crest of the right hip with an adjustable elastic belt. The Actiheart was affixed on the chest using electrodes (Skintact Premier, Leonhard Lang GmbH, Innsbruck, Austria). The main sensor was attached left of the sternum and secured with the adhesive tab on the electrode. The lead was attached parallel along the midclavicular line at the level of the third intercostal space (upper position) or just below the left breast (lower position). Throughout the study, the electrodes were checked and replaced if there was poor adhesion.
Data acquisition by Actical and Actiheart was set at 15-second intervals. RT3 data acquisition was set at 1-second intervals. Data were downloaded into Excel and collapsed into 60-second intervals to align with calorimeter minute-by-minute data.
Room Respiration Calorimetry
During the 3-h calorimetry protocol, oxygen consumption (VO 2 ) and carbon dioxide (VCO 2 ) were measured continuously in a 19 m 3 room calorimeter. The performance of the respiration calorimeters has been described previously. 18 HR was measured in the calorimeter by telemetry (DS-3000, Fukuda Denshi). Energy expenditure (EE) was computed from VO 2 and VCO 2 using the Weir equation. 19 BMR was predicted using age-and sex-specific Schofield equations. 20 AEE was defined as EE-BMR-0.1 EE, assuming that the thermic effect of food was equal to 10% of EE. PAR was computed as the ratio of EE/BMR. VO 2 , VCO 2 , EE, AEE, and HR were averaged at 1-min intervals.
To accommodate the young children, our 2 smaller calorimeters were furnished with age-appropriate furniture, an art-center, an interactive child's kitchen, and other toys. After an orientation/adaptation period in the room with the child's mother and staff, the calorimeter study began. At all times, the child could see the staff and his/ her mother through the door window and communicate via an intercom. If at any time the child was distressed or needed assistance, the calorimeter door was opened and the child was attended to with little loss of data due to the fast-response design of the room calorimeters.
The child performed a series of physical activities alone in the calorimeter under staff supervision in the same order between 9:00 AM and 12:00 PM. Throughout the 3-h calorimetry protocol, an observer recorded minute-by-minute ratings of PA levels according to the Children's Activity Rating Scale (CARS). 5 Within the protocol, the children were given "free-time" to play as they wished and "snack time" for refreshments. The children performed the following discrete physical activities.
Stationary: Movie Watching. Children reclined against a pillow and watched a movie for 20 minutes.
Stationary Play: Coloring. Children sat at a desk drawing with crayons for 10 minutes.
Stationary Play: Kitchen/Toys. Children while standing played at a child's kitchen or with other toys (trucks, blocks, etc.) for 15 minutes.
Slow Translocation: Slow Walk. Children transferred balls back and forth from one bucket at one end to another bucket at the opposite end of the room (approximately 3 m apart) at a slow pace for 5 minutes.
Moderate Translocation: Ball Play. Children shot baskets for 7 minutes on a child's basketball goal mounted on the wall at ~1.5 m high.
Moderate Translocation: Dance/Aerobics. While listening to a tape recording and following an instructor, children completed a series of walking, tip-toeing, galloping, hopping, and dancing in place for 15 minutes. 
Statistics
Data were summarized as means ± SD. Optimal thresholds for classifying accelerometer counts into sedentary, light, moderate, and vigorous levels of PA were determined by piecewise linear regression and discrimination boundary analysis. 21 
Identification of AEE Thresholds: Loess Curve Fitting
Toward this end, first, loess curve fitting techniques were used to identify AEE/kg cutoffs associated with established HR cutoffs for PA levels in preschool children defined by CARS; HR cutoffs were defined as 110 bpm for sedentary/light, 140 bpm for light/moderate, and 160 bpm for moderate-to-vigorous levels of PA in preschool children using direct observation. 22 The CARS was designed to categorize the intensity of physical activities and discriminate between different levels of activities in young children. Trained observers assessed 3-to 4-year-old children's activity. Oxygen consumption and heart rate were measured in 5-to 6-year-old children to determine energy expenditure while they performed 8 activities that represented CARS levels. CARS was shown to discriminate between levels of expenditure across a wide range of activities. CARS was evaluated in 180 children, 3 to 4 years-old. 22 Reliability across day and year measurement was 0.73 and the intraclass correlations were 0.74 for percent of minutes in 4 or 5 levels of CARS.
Accelerometer Thresholds for PA Levels: Piecewise Linear Regression and Discrimination Boundary Formula
For each of the accelerometers, a piecewise linear regression was used to predict the accelerometer counts (counts/ min) thresholds from AEE (kcal·kg -1 ·min -1 ) for each of the PA levels:
where a < b < c were the breakpoints representing breaking values for light, moderate, and vigorous levels of PA. The "+" means the positive part, so (x -t) + = x -t if x -t > 0 and = 0 otherwise. Loess curve fitting techniques were used to select the initial breakpoints and the final breakpoints were selected to minimize the root mean square error (RMSE).
Next, a discrimination boundary formula was used to identify thresholds based on the means and standard deviations of 2 adjacent distributions for sedentary/light, light/moderate, and moderate/vigorous levels of PA using the following equation:
matrix. The confusion matrix also provides valuable information on where misclassifications have occurred and can be used to define other measures of classifications. Chi-square test was used to evaluate classification performance.
Results
Observed CARS, HR, EE, and Accelerometer Counts
Mean CARS scores, HR, EE, AEE, PAR, and accelerometer counts observed for the discrete physical activities are summarized in Table 2 . Although the children were encouraged to perform a given activity continuously, there were momentary pauses for some of the activities; thus, the mean and SD values are representative of the capricious "stop-go" nature typical of preschoolers. Across physical activities, individual values for CARS, HR, AEE, and PAR ranged from 1-5, 64-209 bpm, 0.000-0.188 kcal·kg -1 ·min -1 , and 1.0-6.0, respectively, indicating a high level of exertion was attained by the preschoolers. The HR distribution was as follows: 46% <110 bpm, 38% 110-139 bpm, 10% 140-159 bpm, and 6% ≥160 bpm.
where x is the activity counts threshold (counts/min),  1 and  1 are the mean and standard deviation of one PA level, and  2 and  2 are the mean and standard deviation of the other PA level. 21 We used a 5-fold cross-validation approach to determine the "best" cut points and to evaluate the performance of both piecewise linear classifiers and discrimination boundary classifiers. The final classifier was constructed by an ensemble of a piecewise linear regression classifier and a discrimination boundary classifier, using a majority vote to optimize classification accuracy.
To determine the overall performance of the classifier and to find out how the errors were distributed across the 4 classes of PA, we constructed a 4 × 4confusion matrix C = c ij ( ) , also called a confusing table, where ij c denotes the number of data points whose observed class is i, which are assigned or classified to class j . 23 The estimate of a multiclass classifier's accuracy can be calculated from the confusion matrix C as the sum of the main diagonal elements of C, also called the trace of the matrix, divided by the total sum of the entries. Since the entries of the matrix C are nonnegative numbers, the sum of the entries is a good measure of the "size" of the matrix. Thus, the accuracy of the classifier is equal to the proportion of cases that are classified correctly. If the classification was ideal and all cases correctly classified, then the confusion matrix would be a diagonal
Identification of AEE Thresholds
AEE/kg thresholds based on established HR cutoffs were identified using loess curve fitting (Figure 1) . The sedentary/light cutoff was identified as 0.015 kcal·kg -1 ·min -1 , equivalent to a PAR value of 1.6. The light-to-moderate cutoff was equal to 0.054 kcal·kg -1 ·min -1 (PAR = 2.9) and the moderate-to-vigorous cutoff was equivalent to 0.076 kcal·kg -1 ·min -1 (PAR = 3.6).
Accelerometer Thresholds for PA Levels
Accelerometer counts from each of the devices were significantly correlated with one another (r = 0.80-0.95; P = .001) ( Table 3) . In increasing order, Actical, Actiheart, RT3-Z, RT3-X, RT3-Y, and RT3-total counts were positively correlated with AEE and PAR (r = 0.69-0.82; P = .001). Similar correlations (r = 0.64-0.80; P = .001) were observed between the accelerometer counts and CARS and HR.
Next, piecewise linear regression and discrimination boundary analysis were used to predict the accelerometer counts thresholds corresponding to the AEE cutoffs (Figures 2, 3, 4) . To test the overall performance of the accelerometer thresholds, we first constructed a 4  4 confusion matrix. Based on all available data, the overall accuracy for classifying sedentary, light, moderate and vigorous levels of PA was 65%, 65%, and Abbreviations: AEE, activity energy expenditure; PAR, physical activity ratio; CARS, Children's Activity Rating Scale; HR, heart rate.
67% for Actical, Actiheart, and RT3, respectively. The true positive predictive rates were 77%, 75%, and 76% for sedentary; 63%, 61%, and 65% for light; 34%, 52%, and 49% for moderate; and 46%, 46%, and 49% for vigorous levels of PA for Actical, Actiheart, and RT3, respectively. Although the mean accelerometer counts were significantly (P = .001) different between moderate and vigorous PA (Actical: 1851 ± 1688 vs. 2698 ± 1736 cpm; Actiheart: 430 ± 354 vs. 619 ± 348 cpm; RT3:
1881 ± 959 vs. 2520 ± 969 cpm), there was substantial overlap between levels resulting in poor classification. Classification accuracy was similar for the test data sets. Given the low positive predictive rates for moderate and vigorous levels, we decided to combine moderate-tovigorous PA. To test the overall performance of the accelerometer thresholds for sedentary, light, and moderateto-vigorous levels of PA (Table 4) , we constructed a 3 × 3 confusion matrix. Performance of the PA classification systems for the 3 accelerometers is presented in (Table 5 ). The overall classification accuracy was 71%, 72%, and 73% for Actical, Actiheart, and RT3, respectively. The true positive predictive rates were 69%, 82%, and 79% for moderate-to-vigorous levels of PA for Actical, Actiheart, and RT3, respectively.
Pearson's chi-square test for goodness of fit was used to evaluate classification performance. The chi-square statistic (22.05) was statistically significant (P < .01, c .01 2 = 9.21), rejecting the null hypothesis of equal cell frequencies, attributable to the misclassification of light and moderate-to-vigorous PA as seen in Table 5 .
Discussion
The objective of this study was to calibrate and validate uniaxial (Actical, Actiheart) and triaxial (RT3) accelerometers for the assessment of PA in preschool children using AEE measured by room respiration calorimetry. Based on the significant correlations between accelerometer counts and AEE, we found that accelerometers can be used to classify preschoolers' PA into sedentary, light, and moderate-to-vigorous levels with no clear advantage of triaxial over uniaxial accelerometers.
Although the correlations between accelerometer counts and AEE were slightly higher with RT3-total than Actical and Actiheart, the overall classification accuracy of the RT3 (73%) was similar to that of the uniaxial accelerometers (71% and 72%). The uniaxial and triaxial accelerometer counts were highly correlated with one another, indicating that all provide useful information about preschoolers' activity. In fact, the relationships between accelerometer counts and AEE, PAR, and HR were remarkably similar across devices. RT3-total performed as well or better than the individual axis RT3-X, RT3-Y, and RT3-Z. Although triaxial accelerometry theoretically offers a superior approach for quantifying the characteristically variable activities of preschoolers, 24 strong positive correlations between counts and EE have been reported for both uniaxial and triaxial accelerometers, and the validity of triaxial accelerometers has been only marginally higher in children 25 and preschoolers, 26 consistent with the present findings. ActivTracer, a triaxial accelerometer, was validated for the assessment of PA in 27 preschoolers performing 9 activities. 26 EE significantly correlated with synthetic (synthesized triaxes as the vector), vertical and horizontal accelerometer counts (r = 0.88-0.93; P = .001).
Respiration calorimetry has been used to measure VO 2 or EE during structured activities to calibrate accelerometers in preschoolers. 13, 14, 26 ActiGraph and Actical were evaluated in preschool children using the Cosmed portable metabolic system during rest and 3 structured physical activities for calibration, and during unstructured indoor and outdoor activities for validation. 13, 14 Moderate-and vigorous-intensity PA thresholds were set at 20 and 30 mL·kg·min, respectively. Although VO 2 and accelerometer counts were highly correlated in both studies (r = 0.82-0.89; P = .001), the ICC between predicted and measured VO 2 were 0.57 and 0.59. For Actigraph, the percentage agreement, kappa, and modified kappa were 0.69, 0.36, and 0.38 for MVPA, and 0.81, 0.13, and 0.62 for VPA, respectively. For Actical, the percentage agreement, kappa, and modified kappa were 0.73, 0.40, and 0.46 for MVPA, and 0.85, 0.26, and 0.71 for VPA, respectively. For Actical, the prediction equation based on structured walking and jogging "steady state" values tended to underestimate measured VO 2 values for unstructured activities, in agreement with other studies that used linear regression. 15 The relationship between EE and accelerometer output is recognized to be nonlinear 16 which might account for the underestimation of VO 2 in the cross-validations.
Several approaches can be taken to define thresholds to partition counts into different levels of PA. Thresholds may be based on discrete activities, or specific levels of EE, AEE, MET, or PAR. We chose to define thresholds based on AEE values associated with established HR cutoffs in preschoolers. 22 The calorimeter protocol elicited a wide range of responses with maximums of 209 bpm for HR, 0.188 kcal·kg -1 ·min -1 for AEE, and 6.0 for PAR, confirming a high level of exertion was attained by the preschoolers. Our CARS scores (1-5) agreed with previous observations of typical physical activities in preschoolers. Mean HRs during stationary activities/ play fell within the sedentary HR level; slow translocation fell within the light HR level; moderate translocation fell within the moderate HR level; and fast translocation fell at the lower end of the vigorous HR level. Metabolic equivalents for defining PA levels have not been defined for preschool children. In our previous publication in older children and adolescents, we defined sedentaryto-light, light-to-moderate, and moderate-to-vigorous thresholds for PA levels in terms of AEE (0.01, 0.04, and 0.10 kcal·kg -1 ·min -1 ) and PAR (1.5, 3.0, and 6.0). 27 Because considerable variability among children was seen in the AEE or PAR for any given structured activity, it was critical to base the categorization on objective measures of energy expenditure, rather than observation. Anchoring the thresholds in terms of AEE or PAR also permits other investigators to replicate our results or compare our results with other accelerometers.
Here within, we determined the AEE (0.015, 0.054, and 0.076 kcal·kg -1 ·min -1 ) and PAR thresholds (1.6, 2.9, and 3.6) and their corresponding Actical, Actiheart, and RT3 thresholds for sedentary-to-light, light-to-moderate, and moderate-to-vigorous levels of PA in preschool children ( Table 4 ). The 2 lower AEE thresholds are similar to those in older children and adolescents, 27 but the moderate-to-vigorous threshold is considerably lower, reflecting the lower levels of AEE achievable and sustainable in developmentally immature preschoolers. For instance, mean AEE for jogging/running was 0.151 kcal·kg -1 ·min -1 (PAR = 8.57) in older children 27 and only 0.082 kcal·kg -1 ·min -1 (PAR = 3.8) in preschoolers. The light-to-moderate threshold for Actical is lower than the moderate threshold published for preschoolers. 14 Next, we computed the classification accuracy of 4 PA levels for the Actical, Actiheart, and RT3 accelerometers. True positive predictive rates were acceptable for sedentary and light PA, but unsatisfactory for moderate and vigorous levels of PA. The relationship between accelerometer counts and AEE tended to plateau at the moderate/vigorous boundary in preschoolers. More data points for AEE above 0.076 kcal·kg -1 ·min -1 might have improved our classification accuracy. Although the differences between the mean accelerometer counts of moderate and vigorous activities were statistically significant, the separation did not lead to a useful classification rule because there was substantial overlap within the 2 PA levels as indicated by their large variances. By combining moderate-to-vigorous PA, the classification accuracy was improved overall and specifically for moderate-tovigorous PA level for Actical, Actiheart, and RT3.
For 1 predictor (accelerometer counts), the overall accuracy of the accelerometers was acceptable for classifying sedentary, light, and moderate-to-vigorous levels of PA of preschoolers. However, there was still some overlap between adjacent PA categories, resulting in some misclassification. The remarkably similar performance of the accelerometers suggests that further improvement in classification will not be possible without additional information from another source regarding the movement of these young children. Future classification systems may benefit from the incorporation of other physiological parameters such as heart rate, body temperature or steps.
Accurate wearable devices for quantitative assessment of the intensity, duration and frequency of PA in preschool children are instrumental in advancing our understanding of the role of PA in the health and development of preschoolers. The validation of these uniaxial and triaxial accelerometers permit their application to investigate developmental patterns of PA, determinants of PA, consequences of variation in PA on health outcomes, and assessment of interventions to promote PA in preschool children.
Conclusion
Based on AEE measured by room respiration calorimetry as the criterion for the assessment of PA in 64 preschool children, uniaxial and triaxial accelerometers were found to be acceptable devices with similar classification accuracy for the quantitative assessment of sedentary, light, and moderate-to-vigorous levels of PA in preschool children.
